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Abstract

The purpose of this thesis is to study campanulariid life cycle evolution and
systematics. The Campanulariidae is a hydrozoan family with many life cycle variations,
and provide an excellent model system to study life cycle evolution. Additionally, the
unique campanulariid Obelia medusae may have been “re-invented” from ancestors
without medusae.

Chapter 1 reviews campanulariid life cycles and taxonomy. Chapter 2 presents a
phylogeny based on 18S rDNA, calmodulin, 16S rDNA and cytochrome ¢ oxidase I
(COI). Ancestral life cycles are reconstructed using parsimony. Medusa loss is common,
and Obelia may derive from ancestors with typical medusae.

Taxonomic results are discussed in Chapter 3. Billardia, a nominal campanulariid,
appears phylogenetically distant, while Bonneviella spp. (Bonneviellidae), are nested
within the Campanulariidae. Campanulariid genera are not monophyletic. Orthopyxis
integra and Clytia gracilis may represent cryptic species, while Obelia longissima may
be cosmopolitan.

Chapter 4 investigates Obelia geniculata phylogeography. Japanese and North
Atlantic 16S rDNA and COI sequences are calibrated against the opening of the Bering
Strait. Substitution rates are faster than in anthozoans and comparable to non-cnidarian
invertebrates. Comparison of Pacific and Atlantic sequences suggests cryptic species
exist. Finally, hydroids in New Brunswick, Canada and Iceland may have survived the

last glaciation.
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Chapter 1

Introduction

The Hydrozoa

Cnidarians are known for their diversity of life cycles, and their evolution has
been a subject of continuing debate for over a century (for example, Brooks 1886;
Hyman 1940; Hadzi 1963; Schuchert 1993). Cnidarians are embodied by two basic
forms: the polyp and the medusa. The Anthozoa have only the polyp stage, while the
Scyphozoa, Cubozoa, and Hydrozoa (collectively termed the Tesserazoa; Salvini-Plawen,
1978 or the Medusozoa; Petersen, 1979) can have both the polyp and medusa stages.
Based on a combination of molecular and morphological data, Bridge et al. (1992; 1995)
showed that anthozoans are the basal cnidarians. The most parsimonious evolutionary
scenario is that the ancestral cnidarian had a polyp-only life cycle, and that there was a
single origin of the medusa in the ancestral medusozoan.

The Hydrozoa is a group of cnidarians that may have both the polyp and medusa
or only one or the other. Life cycle variation is the hallmark of the Hydrozoa (Boero et
al., 1997; Boero et al., 2002). In the typically-presented hydrozoan life cycle, the sexual
adult medusa releases either sperm or eggs, which fertilize and form short-lived,
lecithotrophic (non-feeding) planulae (Figure 1A). The planulae settle on to a substrate
and form larval hydroids (Boero and Bouillon, 1987). The hydroids grow asexually,
usually forming colonies. Through a complex process involving the entocodon, or
medusary nodule (Boero et al., 1998; Boero et al., 2002), hydroids produce and release
medusae, completing the cycle. In many hydrozoans, however, gametes are released from
medusoids (with some medusa features but not others, and may or may not be released
from the hydroid) or directly from the hydroid (“fixed gonophores” with no medusa
features; Figure 1B). The Campanulariidae (Hydrozoa, Leptomedusa) exhibit all of these
variations on life cycle, and thus provide an excellent model system for the study of life

cycle evolution.




The Campanulariidae

The Campanulariidae (Leptomedusae) are an important, abundant, and widely
distributed family of hydrozoans (Cornelius, 1982). Members of the Campanulariidae are
common in planktonic and benthic environments around the world. The hydroids grow
on a variety of substrates, including rocks, seaweed, bivalve shells, and pilings and
floating docks at marinas, and most can be easily found in intertidal and shallow subtidal
areas. Campanulariids can be ecologically important; for example, in Georges Bank,
pelagic colonies of the hydroid Clytia gracilis are important competitors for cod larvae
(Madin et al., 1996). Campanulariids have also been used as model organisms to study
bioluminescence (e.g., Morin, 1974, Markova et al., 2002) and other aspects of
physiology such as growth, aging, and stress responses (e.g., Toth, 1969; Brock, 1970;
Brock, 1974; Stebbing, 1981; Stebbing and Santiago-Fandino, 1983; Stebbing, 1985;
Crowell, 1991; but see Hughes, 1987).

Campanulariids are particularly interesting because members exhibit a variety of
life cycles (Cornelius, 1982; Boero and Sara, 1987; Boero et al., 1996), providing a
model system to study life cycle evolution (Table 1). For example, Clytia and Obelia
produce free medusae, Orthopyxis and Silicularia produce medusoids, Gonothyraea
produce meconidia (unique medusoids never released from the hydroid), and
Campanularia and Laomedea form fixed gonophores.

The campanulariid Obelia, frequently used as a model hydrozoan in introductory
biology classes, is morphologically and developmentally unique among the entire
Hydrozoa (Kiihn, 1913; Chapman, 1968; Boero et al., 1996). Their unique features
include: 1) the presence of hydroid-like chordal (solid), rather than medusa-like hollow,
tentacles; 2) a “peduncled” manubrium (flared mouth) that resembles the hydroid
hypostome (mouth); 3) the lack of a velum (inner ring of tissue around the bell margin)
and true bell cavity resulting in a flattened shape; 4) statocysts positioned at the tentacle
bases, rather than at the umbrellar margin; 5) lack of true tentacular bulbs; and 6) gonads

that develop from the corners of the manubrium where the radial canals originate, rather
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than directly from the radial canals (although they later migrate down the radial canals);
and 7) cross-layered, rather than circular, myofibrils which are better suited to a flat,
rather than the typical concave and craspedote form (Chapman, 1968). Obelia medusa
development also differs from all other hydrozoan medusae, in that the entocodon or
medusary nodule (a proliferation of ectoderm along the blastostyle that leads to the
subumbrellar cavity) seems to disappear early in development (Kiihn, 1913; Boero et al.,
1996).

Campanulariid gonophore development

Gonophore development is relatively well-studied in the Campanulariidae
(Berrill, 1950; 1961). “Gonophore” refers to the structures involved in sexual
reproduction in species without medusae (Cornelius, 1995), but here the term is used to
refer to the sexually reproducing body, regardless of whether it is released from, or fixed
to, the hydroid. Typical medusa (e.g., Clytia) development involves the formation of an
entocodon, or medusary nodule (Figure 2A). The entocodon is formed along a modified

polyp, termed the blastostyle. In Clytia, medusae develop along only one side of the

blastostyle. There is a thickening of the blastostyle epidermis, forming a nodule (the

entocodon) between the apical peripheral epidermis and the adjoining endodermis. The
entocodon invaginates to form a cavity which becomes the subumbrellar cavity in the
medusa. The adjoining endodermal layer around the entocodon forms the radial canals,
which eventually fuse at the distal end to form the circular canal of the medusa. The
apical epidermis also gives rise to the tentacle chambers (note medusa tentacles are
hollow), and a blastostyle protrusion of the endoderm and adjoining ectoderm into the
nascent subumbrellar cavity eventually becomes the manubrium. As the blastostyle
grows, the developing medusae are carried to the apical end of the gonotheca, and are
liberated. Some unusual developmental variations are found in Gastroblasta (a nominal
campanulariid genus now recognized as an aberrant Clytia), which is similar to Clytia
except that the medusae have multiple manubria (mouths) and radial canals (Kramp,

1961; Boero, 1980). Another unusual variation is found in Clytia mccradyi, where




blastostyle and medusa development takes place on the radial canals of medusae, where
the gonads are usually located, rather than in hydroid gonophores; indeed, the existence
of a hydroid stage in this species has yet to be confirmed (Carré et al., 1995).

This process is modified in species with medusoids and fixed gonophores (Berrill,
1950; Boero and Bouillon, 1989). In Orthopyxis, which produces medusoids, the
blastostyle buds off medusoids with a reduced or absent manubrium, which are
eventually liberated with the already mature gametes on well-defined radial canals. The
medusoids may possess a velum (Hirohito, 1969). Only one or two medusoids are
produced from the blastostyle, and the degree of development can differ between the
sexes. The medusoid bud has a large entocodon and gonadal mass (Berrill, 1950).
Medusoids that are not liberated from the hydroid may be further reduced, remain in
gonotheca, and gametes are on the rudimentary radial canals. In Orthopyxis everta
medusoids are not liberated and females expel their eggs into an acrocyst or external
capsule located on top of the gonotheca (Nutting, 1915). Silicularia also produces
sexually dimorphic medusoids in which the eggs develop along the radial canals and the
planulae are brooded in females (Ralph, 1956; Blanco, 1967). The medusoids lack a
manubrium and tentacles. There are no records of Silicularia medusoids being released,
although that possibility has not been ruled out (Vervoort and Watson, 2003).

The process of medusa formation is substantially different in Obelia (Figure 2B)
(Kiihn, 1913; Boero et al., 1996). An entocodon is formed early in development, but
subséquently appears to be lost (Figure 2B). Therefore, no velum or true subumbrellar
cavity is formed (Figure 3). Development resembles hydranth development (Boero et al.,
1996). Thus, the Obelia medusa appears to be a chimera of the hydranth and medusa
features (Boero et al., 1996). Additionally, medusa development differs from Clytia in
that medusae can develop along all sides of the blastostyle, and the medusae are smaller
and more numerous (Berrill, 1950).

Gonothyraea shares some of Obelia’s unusual features but not others. Weismann
(1883) and Kiihn (1913) describe entocodon formation, but it apparently does not
disappear as in Obelia (Berrill, 1950). The entocodon is larger than in Obelia and
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differentiates mainly into gonad (Berrill, 1961). Kiihn’s (1913) drawings indicate that the
meconidia tentacles are solid, endodermal polyp-like tentacles as in Obelia. Female
meconidia possess more, longer, and more contractile tentacles than male meconidia,
which assist in internal fertilization by trapping sperm (Miller, 1973). Female meconidia
also have radial canals, which are absent in the males. All meconidia lack a functional
manubrium (mouth) (Miller, 1973) and Boero et al. (1996) consider it a spadix, the
corresponding structure in fixed gonophores. In females, the hydrocoel currents into the
abortive manubrium/spadix are maintained as the planulae develop, perhaps extending
the meconidia lifespan (Berrill, 1950). Gonothyraea shares some similarities to Clytia in
that medusae bud off from only one side of the blastostyle, and developing medusae are
in between Clytia and Obelia in terms of number and size of medusa buds (Berrill, 1950).
In fixed gonophore-bearing forms , such as Laomedea, the gonophores are further
reduced and lack most medusa features. Gametes surround the spadix. In Laomedea,
gonophore development proceeds through a relatively large entocodon, which
differentiates mainly into gonad, as in Gonothyraea (Berrill, 1961). The sporosacs
rupture and release gametes or planulae while in the gonangium. As in Obelia but unlike
Gonothyraea and Clytia, sporosacs bud from all sides of the blastostyle, and the number
of buds is similar to Obelia although they may be larger. Details of development may
vary between species. In Laomedea flexuosa, eggs remain in the female sporosac through
development, fertilization, and planula development. In contrast L. calceolifera, eggs are
“ovulated” from the sporosac but remain in the gonangium (Miller 1973). Interestingly,
the monotypic Hartlaubella also “ovulates”, but the eggs are pushed out of the
gonangium and fertilization is external (Miller 1973). However, Vervoort and Watson
(2003) report gonothecae containing developing planulae in New Zealand H. gelatinosa,
so this may either be under environmental control or indicative of cryptic speciation.
Another gonophore variation is found in L. inornata (Gonothyraea inornata) and L.
neglecta, which produce external sacs, or acrocysts, that contain developing planulae

(Nutting, 1915; Cornelius 1982; Chapter 3). Note the acrocysts in L. inornata are referred

to as meconidia in the literature (as Gonothyraea inornata; Nutting 1901; Fraser 1946),




but because they have no medusoid features they are more appropriately viewed as
acrocysts (Nutting 1915; Chapter 3). Also only one acrocyst is extruded from the
gonangium, in contrast to several meconidia in Gonothyraea.

Gonophore development can be, to some extent, influenced by the environment.
In some Orthopyxis integra, whether or not medusoids are released is under
environmental control; however, the factors involved are unclear although season and
hydrodynamic conditions are implicated (Cornelius 1982). Another campanulariid
example is Clytia linearis. In the summer, hydroids produce medusae which grow and
reach sexual maturity through series of stages, but in the fall, medusae have mature
gonads at birth, live only a few days, and do not attain adult somatic characteristics
(Boero and Sara, 1987). Cornelius (1990) considered reports that Hartlaubella
gelatinosa could sometimes produce Obelia-type medusae instead of fixed gonophores,
but the reports were inconclusive because of the possibility of misidentification due to
difficulty distinguishing this hydroid from Obelia bidentata. Also as noted above, H.
gelatinosa has been reported both to have internal (Vervoort and Watson, 2003) and
external (Miller, 1973) fertilization; however, whether this is due to environmental
factors or because they are actually different species remains to be seen. Finally,
temperature could potentially affect medusa expression by affecting sex determination.
Temperature has been shown to affect sex determination in Clytia (Carré and Carré,
2000). If this holds true generally, then temperature may consequently affect gonophore
development, as many hydroids have sexually dimorphic gonophores, with the female

exhibiting more medusoid features than the male.

Taxonomy

Until recently, rigorous hypothesis testing of life cycle evolution in the
Campanulariidae and other hydrozoans has not been possible because of difficulty in
classification and species identification. Hydrozoan taxonomy is challenging at both the
species level and higher because of difficulties resulting from their life cycles,

distinguishing homology, and phenotypic plasticity. Unless an organism has been

14



cultured throughout its life cycle, it has not been possible to link the hydroid and medusa
stages (although now DNA technology has the potential to do this). Difficulties arose

because specialists frequently examined only the hydroid or medusa stage. Consequently,

there are many examples where the hydroid and medusa of the same species were given
different names (Cornelius, 1977; Cornelius, 1982). For example, among the
Campanulariidae, some Clytia medusae were originally placed in a different genus,
Phialidium, than their hydroids, and Orthopyxis medusae were originally placed in a
different genus, Agastra, than their hydroids. Yet, even today, many species, including
some campanulariids, remain described only from either the hydroid or medusa stage
(Boero and Bouillon, 1993; Bouillon and Boero, 2000).

Gonophore (life cycle) type is used, in part, to define genera in the
Campanulariidae and other hydrozoan families (e.g., Cornelius, 1982). However, if life
cycle transitions occur often, then this approach could lead to paraphyletic genera (Boero
et al., 1996). Recent studies in anthomedusan hydrozoans suggest this may be the case
(Petersen, 1990 in the Tubulariidae; Cunningham and Buss, 1993 in the Hydractiniidae).

Another major difficulty challenging hydrozoan taxonomists is determining
whether morphological differences are due to environmental or genetic causes
(Comnelius, 1990). Early taxonomists described many new species based on small
morphological differences. For example, Cornelius (1975) states that 70 species of
Obelia were described between 1830 and 1948. More recently, authors have attributed
many of these differences to environmental causes and combined many of the species.
Accordingly, Cornelius (1990) only recognizes 4 species of Obelia in the eastern North
Atlantic. However, other authors (Stepanjants, 1998; Kubota, 1999; Bouillon and Boero,
2000) recognize other species as valid in other parts of the world. In another example,
there were 11 described species of Silicularia, distinguished primarily by variations in
hydrothecal length. Ralph (1956), however, noted individual Silicularia colonies with
hydrothecae spanning the range of sizes described for different species, and concluded

that these differences were environmental and merged them into 3 species. As a result of




these and other redefinitions, many hydroids now appear to have near-cosmopolitan
distributions.

Overall colony form and characteristics of the hydrotheca, or chitinous
exoskeleton, are frequently used as taxonomic characters in thecate hydroids such as the
Campanulariidae (Cornelius, 1982). However, these features may exhibit considerable
phenotypic plasticity (Ralph, 1956), and this presents a major obstacle to their taxonomic
utility. Despite this, these characters form the primary basis for species descriptions in the
Campanulariidae. Alternatively, morphological characteristics of the nematocysts, or
stinging capsules, can be taxonomically useful in many groups of hydroids, including
campanulariids (Ostman, 1979; Ostman 1982; Ostman, 1983; Gravier-Bonnet, 1987;

Ostman, 1987). But again, some nematocyst characters may be plastic (Ostman et al.,

1987) and they are time consuming and require live material to study.

Molecular genetic data have the potential to clarify both campanulariid taxonomy
and evolutionary relationships, because markers relatively independent of life cycle and
environment could be used. For example, Ostman (1982; 1983) found inter- and
intraspecific gel band differences for the enzyme acid phosphatase in Scandinavian
campanulariids, and suggested that taken with other characters, isoenzyme banding
patterns could be taxonomically useful. There have been no additional enzyme studies,
and no studies using DNA sequences, to date on campanulariids. Collection of molecular
genetic data, such as DNA sequences, and subsequent phylogenetic analysis has become
standard for many taxa, and could be applied to campanulariid hydroids. DNA sequences
could be used to both distinguish species by identifying patterns of reciprocal monophyly

(Avise, 2000) and investigate higher level evolutionary relationships.

Phylogeography and mitochondrial evolution

Phylogeography examines the role of historical processes in shaping modern
species distributions in a phylogenetic framework (Avise, 2000). Mitochondrial DNA is
often used in phylogeographic studies of invertebrates, because it is evolving at a faster

rate than nuclear DNA and often provides resolution at the intraspecific level (Avise,




2000). However, mitochondrial DNA may evolve exceptionally slowly in cnidarians,
although previous studies are based primarily on anthozoans (Romano and Palumbi,
1997; Medina et al., 1999; Van Oppen et al., 1999; Shearer et al., 2002). The only study
on a hydrozoan used a relative rate test on COI amino acid sequences, and found that the
hydrozoan (Limnomedusa) Maeotias sp. was evolving significantly more slowly than
echinoderms, molluscs, and arthropods (Shearer et al., 2000).

The North Atlantic is an excellent system for phylogeographic studies because the
organisms and recent geological history are relatively well known. Much of the Atlantic
fauna and flora is believed to have originated in the Pacific, approximately 3.5 million
years ago (mya), with the opening of the Bering Strait (Durham and MacNeil, 1967; Van
den Hoek and Breeman, 1990; Vermeij, 1991; Cunningham and Collins, 1998). This
migration is referred to as the trans-Arctic interchange, and is useful because it provides

an upper bound for divergence estimates (Wares and Cunningham, 2001), especially for

taxa like the campanulariids, which are not well represented in the fossil record.

Mitochondrial DNA sequences from North Atlantic and North Pacific sister taxa can be
analyzed so that substitution rates could be calibrated, the mitochondrial markers can be

evaluated for their phylogenetic utility, and the recent history of the species can be
elucidated.

Thesis goals

The purpose of this thesis is to study life cycle evolution and systematics of the
Campanulariidae. Chapter 2 presents a molecular phylogeny of the Campanulariidae, and
tests hypotheses on life cycle evolution, including on the frequency of life cycle
transitions and on the origin of the unique Obelia medusae. Chapter 3 discusses the
taxonomic results of the molecular phylogeny presented in Chapter 2, and revises
taxonomic diagnoses accordingly. Chapter 4 examines the mitochondrial evolution and
phylogeography of the widely distributed campanulariid, Obelia geniculata. The first

calibrated hydrozoan substitution rates are presented. Finally, the appendix examines




species identification from molecular, morphological, and reproductive perspectives in

the bivalve-inhabiting hydroid, Eugymnanthea (Hydrozoa, Leptomedusa, Eirenidae).
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Table 1. Campanulariid subfamilies and genera and their associated sexual stage.
(gonophore type). Following Cornelius (1982), the three subfamily lineages are indicated.
Billardia, recognized by some (e.g., Vervoort and Watson, 2003), but not others (e.g.,
Cornelius, 1982) as a campanulariid, is here listed under the Campanulariinae. Following
Calder (1991) and Boero et al. (1996), Tulpa is placed in the Campanulariinae rather than
the Clytiinae, as in Cornelius (1982).

Subfamily Genus Gonophore type  Description
Campanulariinae Orthopyxis Medusoids With some medusa features (i.e.,

radial canals) but not others (i.e.,
tentacles), some with extracapsular
development (acrocysts); may or
may not be released from the
hydroid

Silicularia Medusoids With some medusa features (i.e.,
radial canals) but not others; not
known to be released from the
hydroid

Campanularia Fixed gonophores Gonophores with no medusa
features; fixed on the hydroid

Rhizocaulus Fixed gonophores =
Tulpa Fixed gonophores “
Billardia Fixed gonophores =
Clytiinae Clytia Medusae Typical hydrozoan medusae
Obeliinae Obelia Medusae Atypical hydrozoan medusae
Gonothyraea Meconidia With some medusa features (i.e.,
tentacles), but not others; medusa
features similar to Obelia, rather
than typical, medusae; not released
from the hydroid
Hartlaubella Fixed gonophores Gonophores with no medusa
features; fixed on the hydroid
Laomedea Fixed gonophores Gonophores with no medusa

features; some with extracapsular
development (acrocysts); fixed on
the hydroid
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Figure 1. Hydrozoan life cycles, adapted from Naumov (1960). A. Life cycle with a free
medusa stage. The hydroids produce and release medusae, which release gametes that
fertilize and form planulae. The planulae settle and form hydroids. B. Life cycle where
medusoids or fixed gonophores are produced instead of medusae. Medusoids may or may
not be released from the hydroid. Fertilization may be internal, and planulae may be
brooded within the medusoids or fixed gonophores.
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Figure 2. Hydrozoan medusae developmental progression in the typical hydromedusa
Syncoryne sarsii (A) and an Obelia medusa (B). The entocodon is indicated by arrows.
Note the small entocodon and nascent subumbrellar cavity in Obelia disappear as
development progresses. Images are from Kithn, 1913 and are oriented so that the

tentacles are developing towards the top.
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Figure 3. Cross section of a typical hydrozoan medusa (A) and an Obelia medusa (B).
Note the flat shape, solid tentacles, and lack of a true bell cavity and velum in the Obelia
medusa. Images are from Kiihn, 1913 and are oriented so that the tentacles are pointed
down.
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Chapter 2

Independent origins of medusa loss in campanulariid hydrozoans*

* manuscript based on this chapter in preparation with Ferdinando Boero and Ken
Halanych

Abstract

The goal of this research is to understand the evolution of life cycles in
campanulariid hydrozoans (Cnidaria, Leptomedusa). Life cycle diversity is a hallmark of
the Hydrozoa, and the Campanulariidae provide an excellent model system in which to
study hydrozoan life cycle evolution. Campanulariids, well known by their typically
benthic hydroid stage, exhibit an extraordinary array of life cycles, ranging from species
with a free medusa stage, to those with a reduced or absent medusa stage. Additionally,
based on their unique morphology, the medusae of the campanulariid genus Obelia are
hypothesized to have been derived from species lacking medusae, thus possibly
representing an example of a rare evolutionary reversal. However, inadequate taxonomic
resolution has, up to now, prevented testing of this hypothesis. To complement previous
morphological studies (which are hampered in a large part by their complex life cycles), a
molecular approach was used to resolve campanulariid relationships, using 2 nuclear
(18S rDNA and calmodulin) and 2 mitochondrial (16S rDNA and cytochrome c oxidase I
[COI]) genes to construct a phylogeny of the Campanulariidae. The results indicate that
life cycle transitions have occurred multiple times, and that Obelia medusae may be
derived from ancestors with typical medusae, rather than medusoids or fixed gonophores,

although this conclusion rests on the underlying phylogeny.

Introduction

Marine invertebrates exhibit a diverse array of life cycles, often with multiple
morphologically distinct stages separated spatially and temporally. The evolution of such
complex life cycles is a subject of considerable study (e.g., Strathmann, 1978; Wray,
1996; McHugh, 1998; Hart, 2000). Many marine invertebrates with complex life cycles,
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